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1. General Introduction
Iron (Fe) deficiency in maize (Zea mays subsp. mays) is mostly caused
by growth on calcareous or alkaline soils that are characterized by a high pH.
Under such conditions, Fe precipitates in form of hydroxides (Marschner,
1995) and consequently, Fe has a low availability for plants (Ro¨mheld and
Marschner, 1983). As a consequence, Fe-deficiency occurs and induces leaf
chlorosis. Leaf chlorosis leads to reduced Fe content in harvest products, and
decreases the yield (Curie and Briat, 2003; Godsey et al., 2003). The biologi-
cal and physiological comprehension of the mechanisms involved in Fe uptake
and homeostasis within the plant are afferent for Fe efficiency dissection in
maize. Moreover, consideration of leaf mineral nutrient concentrations as
well as physiological and morphological aspects in a controlled environment
will aid to deduce the phenotype development in maize. The general goal of
my studies is to provide both genes and genetic markers for functional anal-
yses and marker-assisted breeding programs dealing with the improvement
of Fe-efficiency in maize.
Iron uptake and homeostasis
Graminaceous plant species like maize acquire Fe by the so-called strat-
egy II mechanism, which include the release of phytosiderophores, acting as
high-affinity hexadentate chelators for ferric Fe, and an elevated expression
of transport systems for Fe(III)-phytosiderophores at the root plasma mem-
brane (Winkelmann et al., 1987). However, relative to barley, maize releases
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approximately fivefold lower amounts of phytosiderophores (Marschner, 1995).
This may explain at least partially the high susceptibility of maize to Fe
deficiency-induced chlorosis. In maize, characterization of intraspecific vari-
ation of tolerance to Fe-deficiency in the form of induced chlorosis, chlorosis
tolerance and its genetic differences or other Fe-efficiency traits across a larger
population of maize genotypes, have not yet been reported.
Previous studies examining other graminaceous plant species have char-
acterized various essential components and genes involved in Fe-efficiency,
i.e. the ability of plants to produce less chlorotic leaves or higher biomass
or grain yield. For instance, one aspect was sulfur uptake that is neces-
sary for synthesis of methionine (Hopkins et al., 2004). This holds particu-
larly interest for genes involved in phytosiderophore biosynthesis, in which
nicotianamine synthase (NAS) is required for the conjugation of three S-
adenosyl-methionine residues to produce nicotianamine (NA) (Higuchi et al.,
1999). NA is then subjected to subsequent amino transfer by nicotianamine
aminotransferase (NAAT) (Inoue et al., 2008) and a reduction step by deoxy-
mugineic acid synthase (DMAS) to yield deoxy-mugineic acid (DMA), which
is the only phytosiderophore species being released by maize (Bashir et al.,
2006). Subsequently, DMA is released by the transporter of mugineic acid
1 (TOM1) which is localized at the root plasma membrane (Nozoye et al.,
2011). Following metal chelation in the rhizosphere, the uptake of Fe(III)-
phytosiderophores into root cells is mediated by membrane proteins of the
YS1 family that possess a particularly high affinity for phytosiderophore-
chelated ferric Fe (Curie et al., 2001; Schaaf et al., 2004). Inside root cells,
ferric Fe may be reduced and exchange chelated to nicotianamine (von Wire´n
et al., 1999) and further transported radially for xylem loading. In seeds and
young seedlings, vacuolar loading and unloading are critical for Fe-efficiency.
In this respect, Fe loading of the vacuole by the vacuolar iron transporter 1
(VIT1) (Kim et al., 2006), remobilization therefrom by the natural resistance
associated macrophage protein (NRAMP3 and 4) are essential processes for
early seedling development under Fe-limiting growth conditions, as demon-
strated in Arabidopsis (Lanquar et al., 2005).
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Population genetics analyses to detect signa-
tures of selection
Quantitative trait loci (QTL) and association analyses require phenotypic
variation and polymorphic markers for the identification of genome regions
contributing to phenotypic variance. If variation at candidate genes is lim-
ited because of selection during domestication and (or) crop improvement,
the analyses would fail to identify these genes, contributing to trait variation
(Yamasaki et al., 2005; Flint-Garcia et al., 2009). Therefore, comparison of
genes with low diversity in modern maize varieties relative to their progen-
itors may facilitate the discovery of genes important to crop improvement
(Wright et al., 2005; Flint-Garcia et al., 2009).
Maize was domesticated from teosinte (Zea mays subsp. parviglumis)
6,000 − 10,000 years ago (Matsuoka et al., 2002). The major traits that
were targeted during maize domestication include the facilitation of harvest
and adaptation to new environmental conditions (Buckler et al., 2001). In
addition, yield and quality traits received primary attention (Flint-Garcia
et al., 2009). Therefore, Fe-efficiency in maize might has been the target of
selection during domestication. However, despite the essential role of Fe in
plants and the fact that severe Fe-deficiency symptoms of maize occur on soils
with high pH and its negative influence on plant fitness (Kobayashi et al.,
2009), it remains unknown whether Fe-efficiency is an adaptive trait in maize.
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QTL mapping to dissect genetic architecture
in the IBM population
Despite the comprehensive knowledge on the functional aspects of Fe
uptake and Fe homeostasis, to the best of our knowledge, no earlier study
examined the natural variation of Fe-efficiency and mineral homeostasis in
maize. In fact, this information will be valuable for the development of maize
cultivars adapted to calcareous soils by classical plant breeding methods.
Furthermore, when such analyses are linked to molecular marker informa-
tion they have the potential to identify genes mechanistically involved in the
trait of interest that have not been identified in classical functional/forward
genetics studies. This is due to the fact that in contrast to mutant screens
which consider one gene in one genetic background (Kobayashi and Koyama,
2002), analyses of natural variation study empowers the detection of multiple
genes in complex genetic backgrounds (Salt et al., 2008).
Identification of QTL provides information on the chromosomal locations
contributing to the quantitative variation of complex traits occurring within
segregating populations (Mitchell-Olds and Pedersen, 1998; Zhang et al.,
2010; Buescher et al., 2010). For maize, the intermated B73 x Mo17 (IBM)
segregating population is a genetic resource with a high genetic map resolu-
tion (Lee et al., 2002). Further benefit of QTL mapping compared to mutant
screens is the possibility to detect multiple genes which may be associated
with the phenotypic trait (cf. Kobayashi and Koyama, 2002). In addition to
the mapping of QTLs, the combination with expression studies of positional
candidate genes have the potential to improve our understanding of the QTL
of interest, the underlying genes, and in consequence the functional mecha-
nism affecting the investigated trait.
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Association mapping to dissect genetic archi-
tecture in the maize association population
Linkage mapping is depending on polymorphisms between both parental
lines and allele recombination of their progenies. Hitherto, allele fixation
or limited recombination events are the bottleneck in QTL detection (Flint-
Garcia et al., 2003, 2009). Association mapping promises to overcome the
limitations of low allele diversity and absence of recombination events (Flint-
Garcia et al., 2003), which causes poor resolution in detecting QTL by linkage
mapping (Stich and Melchinger, 2009).
The publicly available maize association mapping that was used for as-
sociation mapping in former studies promises to provide a finer resolution of
alleles (Flint-Garcia et al., 2005; Cook et al., 2012; Larsson et al., 2013) than
standard bi-parental crosses (Oraguzie and Wilcox, 2007). Unlike in the bi-
parental cross population, the association mapping population might contain
population stratification and unequal allele distribution within these groups
(Flint-Garcia et al., 2003). Therefore, knowledge about population structure
is required to reduce the number of spurious associations (Pritchard et al.,
2000; Liu et al., 2003; Flint-Garcia et al., 2005; Stich et al., 2005). Since the
confidence intervals of QTLs capture several centimorgans that comprising
hundreds of genes association mapping might provide the location of the gene
causing phenotypic variation of the representative trait. In addition to that,
genome-wide association mapping has the potential and the benefit of a high
mapping resolution and thus, provides new genetic insights on Fe-efficiency.
To our knowledge, no association study has been conducted to dissect Fe-
efficiency in maize.
General Introduction 6
Objectives
The general goal of this thesis was to dissect genetically the trait Fe-
efficiency and provide both genes and genetic markers for functional analyses
and marker-assisted breeding programs in maize. In particular, the objec-
tives were to
1. describe patterns of sequence variation of 14 genes involved in mobi-
lization, uptake, and transport of Fe, and to determine if these genes
were targets of selection during domestication;
2. determine the natural genetic variation of morphological/physiological
traits in response to deficient and sufficient Fe regimes in the maize
intermated B73 x Mo17 (IBM) population and to identify QTLs asso-
ciated with these traits;
3. analyze Fe-dependent expression levels of genes known to be involved in
Fe homeostasis as well as positional candidate genes from QTL analysis;
4. determine the natural genetic variation of mineral nutrient concentra-
tion in maize leaves of the intermated B73 x Mo17 (IBM) population;
5. evaluate the influence of different iron regimes on correlations among
mineral nutrient concentrations;
6. identify QTLs which contribute to the mineral nutrient concentration
difference;
7. identify polymorphisms affecting morphological/physiological traits by
association analyses; and
8. fine map QTL confidence intervals by using association genetics.
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An analysis of selection on candidate
genes for regulation, mobilization,
uptake, and transport of iron in maize
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Abstract
Sparse iron (Fe) availability, which frequently occurs in soils with alkaline pH,
can lead to leaf chlorosis, a reduced Fe content in harvest products, and yield
reduction in maize. The objectives of this study were (i) to describe patterns
of sequence variation of 14 candidate genes for mobilization, uptake, and
transport of Fe in maize, as well as regulatory function on these processes,
(ii) to examine whether Fe-efficiency is an adaptive trait by determining if
these genes were targets of selection during domestication, and (iii) to test
if the allele distribution at these candidate genes is different for the different
sub-populations of maize. The nucleotide diversity of Mtk was reduced by
Benke and Stich 2011. Genome 54:674–683 13
78% in maize compared to teosinte. The results of our study revealed for the
genes Naat1, Nas1, Nramp3, Mtk, and Ys1 a selective sweep, which suggests
that these genes might be important for the fast adaptation of maize to new
environments with different Fe availabilities.
Benke et. al. 2014. BMC Plant Biol. 14:12 14
The genetic basis of natural variation
for iron homeostasis in the maize IBM
population
Andreas Benke, Claude Urbany, Johanna Marsian, Rongli Shi,
Nicolaus von Wire´n and Benjamin Stich
A. Benke, C. Urbany, J. Marsian B. Stich: Max Planck Institute for Plant
Breeding Research, Carl-von-Linne´ Weg 10, 50829 Ko¨ln, Germany.
R. Shi, N. von Wire´n: Leibniz Institute of Plant Genetics and Crop Plant
Research, Corrensstrae 3, 06466 Gatersleben, Germany.
BMC Plant Biology (2014) 14:12
The original publication is available at www.biomedcentral.com
Abstract
Iron (Fe) deficiency symptoms in maize (Zea mays subsp. mays) express as
leaf chlorosis, growth retardation, as well as yield reduction and are typically
observed when plants grow in calcareous soils at alkaline pH. To improve our
understanding of genotypical variability in the tolerance to Fe deficiency-
induced chlorosis, the objectives of this study were to (i) determine the
natural genetic variation of traits related to Fe homeostasis in the maize
Benke et. al. 2014. BMC Plant Biol. 14:12 15
intermated B73 x Mo17 (IBM) population, (ii) to identify quantitative trait
loci (QTLs) for these traits, and (iii) to analyze expression levels of genes
known to be involved in Fe homeostasis as well as of candidate genes obtained
from the QTL analysis. In hydroponically-grown maize, a total of 47 and
39 QTLs were detected for the traits recorded under limited and adequate
supply of Fe, respectively. From the QTL results, we identified new putative
candidate genes involved in Fe homeostasis under a deficient or adequate
Fe nutritional status, like Ferredoxin class gene, putative ferredoxin PETF,
metal tolerance protein MTP4, and MTP8. Furthermore, our expression
analysis of candidate genes suggested the importance of trans-acting reg-
ulation for 2’-deoxymugineic acid synthase 1 (DMAS1), nicotianamine syn-
thase (NAS3, NAS1), formate dehydrogenase 1 (FDH1), methylthioribose-1-
phosphate isomerase (IDI2), aspartate/tyrosine/aromatic aminotransferase
(IDI4), and methylthioribose kinase (MTK).
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Abstract
Iron (Fe) deficiency in plants is the result of low Fe soil availability affect-
ing 30% of cultivated soils worldwide. To improve our understanding on
Fe-efficiency this study aimed to (i) evaluate the influence of two different
Fe regimes on morphological and physiological trait formation, (ii) identify
polymorphisms statistically associated with morphological and physiological
traits, and (iii) dissect the correlation between morphological and physiolog-
ical traits using an association mapping population. The fine-mapping anal-
yses on quantitative trait loci (QTL) confidence intervals of the intermated
B73 x Mo17 (IBM) population provided a total of 13 and 2 single nucleotide
Benke et. al. 2015. BMC Genetics 16:1 32
polymorphisms (SNPs) under limited and adequate Fe regimes, respectively,
which were significantly (FDR = 0.05) associated with cytochrome P450
94A1, invertase beta-fructofuranosidase insoluble isoenzyme 6, and a low-
temperature-induced 65 kDa protein. The genome-wide association (GWA)
analyses under limited and adequate Fe regimes provided in total 18 and 17
significant SNPs, respectively. Significantly associated SNPs on a genome-
wide level under both Fe regimes for the traits leaf necrosis (NEC), root
weight (RW), shoot dry weight (SDW), water (H2O), and SPAD value of
leaf 3 (SP3) were located in genes or putative recognition sites of transcrip-
tional regulators, which indicates a direct impact on the phenotype. SNPs
which were significantly associated on a genome-wide level under both Fe
regimes with the traits NEC, RW, SDW, H2O, and SP3 might be attractive
targets for marker assisted selection as well as interesting objects for future
functional analyses.
6. General Discussion
Iron (Fe) efficiency can be described as the orchestration of several mech-
anisms including Fe sensing, uptake, allocation, and its homeostasis in the
plant. The knowledge of these mechanisms was mainly derived from single
gene mutant screenings (Kobayashi and Koyama, 2002). Despite the high
sensitivity of this method, complex gene actions will remain undiscovered
(Salt et al., 2008). Therefore, in order to complement these analyses the
dissection of the genetic architecture of Fe-efficiency will be accomplished by
population and quantitative genetic approaches under consideration of nat-
ural genetic variation in maize populations.
Genetic diversity and signatures of selection
An important diversity core set for maize showing a high natural allelic
variation was established by Liu et al. (2003) which includes B73 and Mo17 as
well as the 25 parents of the nested association mapping (NAM) population
(McMullen et al., 2009). However, the determination of artificial selection of
candidate genes by sequencing while using only maize genotypes would be
weak. The reason for this is the weak detection power due to reduced genetic
diversity and allele fixation of genes under selection caused by domestication
and crop improvement processes in maize (Yamasaki et al., 2005). There-
fore, the wild ancestor of maize (teosinte) was used to compare the diversity
of candidate genes within both plant species in order to detect genes with
selection signatures in maize.
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A set of 14 genes indicating to be essential for Fe-efficiency mechanisms
(Benke and Stich, 2011) was analyzed with population genetics methods us-
ing the maize core set representing a compilation of diverse genotypes (Liu
et al., 2003). The majority of genes, characterized in literature as being rep-
resentatives of Fe-efficiency, did not show any artificial selection as a whole.
Nevertheless, 5 genes involved in the phytosiderophore (PS) synthesis, Fe re-
mobilization, and Fe uptake were characterized by such selection signatures.
The MTK gene, that is essential for the methionine recycling step in the PS
synthesis, showed around 80% loss of nucleotide diversity in maize in com-
parison to teosinte. This diversity reduction was considered as significant by
Tenaillon et al. (2001). Furthermore, MTK showed a significant reduction
of the number of maize haplotypes in comparison to teosinte. In addition to
that, a constellation of two statistical tests for hitchhiking effect and allele
fixation indicated a recent bottleneck (Sigmon and Vollbrecht, 2010). The
NAS1 gene, an essential synthase of the precursor metabolite nicotianamine
for PS in graminaceous plants, was indicated to be under directional selec-
tion according to the direct comparison to teosinte. For NAAT1 we observed
that the newly arisen polymorphisms in maize have been fixated according
to the statistical test of Tajima (1989). A possible explanation for the in-
creased diversity of maize versus teosinte for NAAT1 and NAS1 might be
that nowadays maize is grown under more different environmental conditions
than teosinte in its original habitat. Thereby, polymorphisms that were dele-
terious in teosinte might have become advantageous in maize. Furthermore,
according to the direct comparisons of genes between maize and teosinte,
we were able to detect signatures of selection for NRAMP3 responsible for
Fe remobilization from the seed vacuole during germination (Lanquar et al.,
2005) and the Fe-PS complex transporter YS1 that might be advantageous
for the increased transporter-substrate affinity, which might be beneficial in
the competition with microorganisms for Fe acquisition in soil (von Wire´n,
1994). Finally, we were able to show that Fe-efficiency was an adaptive
trait during maize domestication from teosinte. We assume that these genes
played a crucial role in adaptation of maize to different environments with a
varying Fe availability in the soil.
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The statistical tests of population genetics used in this study focused on
different demographic aspects (Flint-Garcia et al., 2009) and had different
levels of statistical power to adequately detect signatures of selection. There-
fore, the focus should be directed on the combination of these tests for a gene
and especially their disposition should be viewed as suggestive for selection
(Flint-Garcia et al., 2009). Additionally, the release of 55 million SNPs for
the maize NAM founders (McMullen et al., 2009), teosinte, and Tripsacum
by Chia et al. (2012) provides a platform to reconstruct the sequences of the
most candidate genes and perform vast population genetics analyses.
The merits of population genetics are the redundancy of phenotypic in-
formation, the wealth of gene functional information, and the abundance
of genotypic information for the maize core set population. However, the
drawbacks refer to genes with missing functional information for Fe related
processes, genes designated to be not artificially selected will be ignored, and
cis-binding sites of non-coding regions might be missed. Therefore, to de-
termine the contribution of these genes to Fe-efficiency, quantitative genetics
might provide the necessary genetic information.
Genetic contribution to the phenotype in a hy-
droponic system
A high pH value, as one of the multiple abiotic effects, has a negative ef-
fect on the availability of Fe that can lead to its limitations in soil (Marschner,
1995). Besides this, other mineral nutrients might be negatively affected and
therefore causing a deficiency phenotype without a clear element affiliation.
However, to get a clear phenotype depending only on the Fe level in the rhi-
zosphere, the hydroponic system promises to be the method of choice (Cook
et al., 2012) and was used in my studies (Benke et al., 2014, in preparation).
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In preliminary experiments to determine the Fe-efficient and inefficient
phenotype in maize, we observed that B73 was the most Fe-efficient geno-
type at the low Fe regime, whereas Mo17 was characterized as being most
susceptible (Fig. 1). Compared to Mo17, the B73 inbred line showed obvious
Figure 1: Phenotypic comparison between Mo17 and B73 growing at the low
(10µM Fe) and high (300µM Fe) iron regime.
phenotypic superiority in biomass production, root architecture, and relative
chlorophyll content. Furthermore, mineral nutrient analyses of the dry shoot
material revealed a higher accumulation of cadmium and aluminum in Mo17
in comparison to B73 under the low Fe regime. This indicated that Mo17
has not only to cope with Fe deficiency but also with higher concentration of
toxic minerals. Moreover, the Fe concentrations in leaves of both genotypes
were similar, indicating that B73 uses Fe more efficiently than Mo17.
Due to their differences in Fe-efficiency, the inbred lines Mo17 and B73
present the required prerequisites for the construction of a segregating popu-
lation which might aid to dissect the chromosomal locations of QTLs causing
the Fe-efficient phenotype.
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Using intermated recombinant inbred lines
(IRILs) for QTL mapping
A segregating population was developed by Lee et al. (2002) crossing the
parental inbred lines B73 (Fe-efficient) and Mo17 (Fe-inefficient). However,
the main advantage of this population is the high amount of recombina-
tions resulting from the four cycles of intermating before the F2 generation.
This provided a finer mosaic of the chromosomal segments compared to non-
intermated recombinant inbred lines and increased the resolution of QTL
mapping (Darvasi and Soller, 1995; Balint-Kurti et al., 2007). The provided
set of 94 IRILs has nearly the same resolution as 300 - 350 recombinant in-
bred lines created without any intermating steps (Coe and Schaeffer, 2005).
QTL mapping to dissect genetic architecture
in the IBM population
The available Fe in the rhizosphere and in the plant has an immense influ-
ence on morphological and physiological trait formation (Marschner, 1995).
At the low Fe regime, we observed a moderate to high influence of individual
QTLs on the phenotype variation, in comparison to the high Fe regime. One
explanation could be a low genetic complexity which increases the proba-
bility to identify in these QTL confidence intervals putative essential genes
(Waters and Grusak, 2008) contributing a high effect to the Fe homeostasis.
The gene family most often detected within the QTL confidence intervals
at the low Fe regime for the traits relative chlorophyll content, the root archi-
tecture, and leaf necrosis was of the metal transporter protein family (MTP).
In fact, under Fe deficiency, the Fe uptake mechanisms are enhanced to fulfill
the demand for Fe in plants (Schaaf et al., 2004). However, other metals be-
sides Fe might accumulate and increase the Fe stress symptoms (Marschner,
1995). The MTP is involved in the detoxification of metals accumulated in
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the cytoplasm (Hanikenne et al., 2005; Talke et al., 2006). The MTP family
provides the prerequisite function for metal tolerance which becomes essen-
tial during Fe limitation in the plant. An efficient MTP mechanism might
avoid the metal accumulation and prevent deleterious metal interactions with
the Fe binding sites in the cytoplasm. Therefore, further analysis with the
MTPs might be essential for Fe-efficiency studies which have so far not been
considered as relevant under both, low or high Fe concentrations.
We observed that low and high Fe concentrations influenced the mor-
phology and physiology of maize growing in a hydroponic system (Benke
et al., 2014, in preparation). Furthermore, it is known that a low Fe con-
centration causes an increased accumulation of mineral nutrients other than
Fe that might have deleterious effects on maize development (Thoiron et al.,
1997; Meda et al., 2007; Kanai et al., 2009). However, a high Fe concentra-
tion displaced several mineral nutrients. Therefore, the genetic contribution
to the regulation, accumulation, and leaf tissue mineral nutrients composi-
tion that are crucial for metabolism and development (Lowry et al., 2012)
of maize growing under different Fe regimes need to be examined. The mea-
sured mineral nutrient concentrations of the dried shoot material were used
for QTL detection. These analyses provided essential QTLs for Cd detoxifi-
cation (HMA3, ZIP4), transporters (ZIP10, NRAMP2) of mineral nutrients
or toxic metals, and oxidative stress response (glutaredoxin). The most in-
teresting gene, namely PHT1;5 was comprised within a phosphorus QTL
confidence interval detected under low Fe regime (Benke et al., in prepara-
tion). The role of phosphorus becomes more important during Fe deficiency
where phosphorus negatively affects the Fe availability in chlorotic leaves
due to precipitation (Marschner, 1995). Therefore, the homeostasis of phos-
phorus is essential in maize particularly under Fe deficiency. PHT1;5 might
contribute to phosphorus depletion and therefore becomes essential for an
Fe-efficient performance. However, a functional proof of PHT1;5 is still lack-
ing in maize.
QTL mapping provides the genetic map position of QTLs and gives an
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essential hint for chromosomal regions responsible for trait variation. How-
ever, the confidence intervals of the QTLs still comprise hundreds of genes
corresponding to millions of base pairs on the physical map (Flint-Garcia
et al., 2005). A further limiting factor is the bi-parental cross itself that
allows only the differentiation between two alleles at a locus. As an alter-
native method, association mapping can be applied to fine-map the genes
in QTL confidence intervals. Genome-wide association mapping will con-
tribute to the dissection of the genetic architecture of Fe-efficiency within
an association mapping maize population including a high allelic diversity
(Flint-Garcia et al., 2005).
Using the maize association population for as-
sociation mapping
The determination of a highly diverse maize germplasm set which cov-
ers the maximum allele richness was performed using 94 SSR markers by
Liu et al. (2003) for 260 maize genotypes representing 82% of the worldwide
maize allele diversity. Furthermore, Flint-Garcia et al. (2005) presented the
association maize population of 302 genotypes including a large proportion
of the 260 genotypes of Liu et al. (2003). Furthermore, this population pro-
vides a high resolution and high statistical power platform for association
analyses (Flint-Garcia et al., 2005; Cook et al., 2012). Moreover, the associ-
ation population represented a public germplasm used for breeding programs
worldwide that include genotypes that were collected from temperate as well
as from tropical regions (Flint-Garcia et al., 2005). These genotypes might be
differently adapted to varying Fe availabilities in their originating locations
(Benke and Stich, 2011). Furthermore, in several locations special genotypes
are required adapted to low Fe availability which might include alleles re-
sponsible for an Fe-efficient management in maize. The detection of such
alleles would be beneficial for the determination of mechanisms involved in
Fe use management. Therefore, we applied two Fe regimes in a hydroponic
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system to evaluate the genetic influence on the phenotype formation. The
association population showed under low and high Fe regimes a quantita-
tive phenotypic variation with moderate to high broad sense heritabilities.
This finding indicates that the data of our study provide a powerful basis
for detecting QTLs for morphological and physiological performance under
different Fe regimes (Benke et al., in review).
Prerequisites to reduce spurious associations
Association mapping analyses require knowledge of the population struc-
ture to reduce spurious marker-phenotype associations (Flint-Garcia et al.,
2003). The population structure was examined for the maize association
population based on 89 SSR markers by Flint-Garcia et al. (2005) with the
STRUCTURE software (Pritchard et al., 2000) and further used for the as-
sociation analyses.
As a further statistical method to reduce the false positive and nega-
tive associations, calculation of relatedness was suggested for consideration
in the association analyses (Yu et al., 2006; Kang et al., 2008). Because of
the lower price and the higher availability of single nucleotide polymorphism
(SNP) compared to simple sequence repeats (SSR) (Hamblin et al., 2007; As-
tle and Balding, 2009), the relatedness calculation was performed with SNPs
evaluated for the association mapping population. Kang et al. (2008) sug-
gested to calculate a simple identical-by-state allele-sharing kinship matrix
which reduces false associations more effectively than the kinship matrices
generated by previous methods (Yu et al., 2006). Therefore, in my study the
kinship matrix was calculated according to Kang et al. (2008) and used in
the association analyses.
The use of the kinship matrix K in association analyses allows to describe
the relation of smaller groups or even between two individuals. Furthermore,
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population structure matrix Q describes remote ancestry and assigns the in-
dividuals to large groups (Astle and Balding, 2009). Therefore, the Q + K
approach of Yu et al. (2006) is able to account for multiple relation constel-
lations among individuals and, thus was used in the frame of this thesis for
association analyses.
Association mapping to dissect Fe-efficiency
The complex trait Fe-efficiency was separated into 13 traits to expand
the coverage of Fe affected sites that consequently might be coded by diverse
genes. Furthermore, these genes might be linked to marker-phenotype associ-
ation that need to be detected according to the genome-wide association map-
ping approach (Oraguzie and Wilcox, 2007). The single marker-phenotype
association performed for 287,390 SNPs over 267 genotypes revealed in total
18 and 17 significant SNP markers (FDR = 0.05, multiple test correction) for
low and high Fe regime, respectively. The number of traits that contributed
to significant SNPs detection for each Fe regime was three. That was lower
than detected with linkage mapping analyses (Benke et al., 2014). This might
be due to the fact that the multiple test correction underlying a vast amount
of markers was very stringent, which in consequence allows only the detection
of highly significant SNPs (Cook et al., 2012). Moreover, the detected signif-
icant SNPs located in these traits were linked mostly to regulative elements
like E3 ubiquitin-protein ligase EL5 indicating involvement in maintenance of
cell viability (Koiwai et al., 2007) during the remobilization of Fe from source
leaves during limitation in the sink organs. Furthermore, mitogen-activated
protein kinase 8 might be important for stress response during mineral nutri-
ent displacement like phosphorus under high Fe concentrations in maize (He
et al., 1992; Pan et al., 2012). Besides the known regulative proteins linked to
significant associated SNPs, several significant SNPs remained unlinked to a
gene. These unknown SNPs might indicate putative cis-recognition sites for
transcriptional regulators (Stam et al., 2002) and have an essential effect on
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the translation initiation. Functional analyses especially under different Fe
regimes on these binding sites would provide insights on their mode of action.
Furthermore, the association mapping approach was used for confirma-
tion and fine-mapping of QTLs detected in the linkage mapping analyses.
The fine-mapping of QTL confidence intervals revealed an obviously lower
phenotypic variation explained by the significant SNPs compared to the SNPs
detected by genome-wide associations. An explanation might be that the
variation of detected QTLs was overestimated in the linkage analyses due to
a limited sample size (Utz et al., 2000) covering a limited amount of recombi-
nations in the bi-parental populations. This would indicate that the linkage
mapping provided confidence intervals comprising genes of small effects. Nev-
ertheless, these genes contribute to a more detailed genetic architecture and
might resolve the complexity of Fe-efficiency. However, validation of these
alleles need to be performed before using them in breeding programs.
Validation of genes and chromosomal loci de-
tected to be involved in Fe-efficiency process
Genes related to Fe-efficiency under artificial selection or genes detected
by association analyses were detected through statistical methods and need
functional confirmation. An appropriate method is transposon tagging, in
which an Fe-efficient genotype needs to be crossed with a transposon inducing
maize line in order to generate an Fe-inefficient genotype. The transposon in-
sertion needs to be identified and characterized in the genes of the inefficient
genotype (Curie et al., 2001; Brutnell, 2002), which requires thousands of
plants for such screens. The silencing of genes according to interfering RNA
(RNAi) is a direct proof of the gene influence on the Fe-efficient phenotype
(Miki and Shimamoto, 2004). Furthermore, the determination of gene in-
fluence is feasible according to analyses of genotypes with targeting-induced
local lesions in genomes (TILLING) (Till et al., 2004).
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Near isogenic lines are widely used for validation of alleles previously
identified in linkage or association mapping. The near isogenic lines contain
a small genomic region of an Fe-efficient line which was introgressed into an
Fe-inefficient isogenic background. An alternative to the near isogenic line
is to focus on the detected quantitative trait loci involved in the phenotype
variation to select by investigating QTL isogenic recombinants (QIRs). The
method for selection of QIRs was described by Peleman et al. (2005), in
which a QIR plant needs a recombination event in one QTL, while these are
homozygous at all other QTLs for the same trait.
Conclusions and outlook
The use of population genetic methods allowed the detection of artificial
selection in genes involved in Fe related processes which indicates their es-
sential role in the adaptation of maize to varying Fe availabilities in several
environments. The results of linkage mapping provided a vast amount of
QTLs that allow to dissect the complex trait Fe-efficiency according to 13
traits that are related to the Fe concentration in the plant. In addition to
the detected QTLs responsible for Fe homeostasis, the QTLs detected for
the mineral nutrient concentration in the plant suggested to be important
for the mineral nutrients homeostasis under different Fe regimes. Further-
more, association mapping analyses provided regulative elements explaining
a high phenotypic variation at both the low and high Fe regime. SNPs de-
tected beyond coding regions of genes might be important cis-binding-sites
for transcription factors. The fine-mapping results of the QTL confidence in-
tervals suggested the presence of small effect genes that was in an inflationary
contrast to the linkage mapping analyses using a limited sample size. The
marker-trait associations and QTLs identified by linkage mapping detected
for Fe related traits are promising for breeding programs in order to improve
Fe use efficiency in maize. Furthermore, an efficient Fe accumulation in veg-
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etative organs and an improved Fe homeostasis and remobilization might be
an important prerequisite for studies dealing with Fe biofortification.
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7. Summary
Maize is susceptible to severe Fe-deficiency symptoms when growing on
soils with high pH. Therefore, development of Fe-efficient maize genotypes
would aid to overcome Fe limitation on these soils. However, Fe-efficiency
is a quantitative trait depending on complex mechanism interactions. The
determination of these mechanisms would provide a better understanding of
the complex trait Fe-efficiency. In the actual study, the determination of Fe-
efficiency involved mechanisms were tackled by population and quantitative
genetics. In fact, population genetics facilitate the discovery of genes being
important to crop improvement based on a comparison of gene evolution
and its ancestral genetic material. Linkage mapping and association analy-
ses require both phenotypic variation and polymorphic markers to determine
important quantitative trait loci (QTL). The objective of this research was to
dissect the genetic architecture of Fe-efficiency in maize by applying different
genetic approaches.
Artificial selection during domestication and (or) crop improvement can
result in limitation of sequence variation at candidate genes that could limit
their detection by quantitative genetic approaches. The objectives of our
study were to (i) describe patterns of sequence variation of 14 candidate
genes for mobilization, uptake, and transport of Fe in maize, as well as reg-
ulatory function and (ii) determine if these genes were targets of selection
during domestication. This study was based on 14 candidate genes sequences
of 27 diverse maize inbreds, 18 teosinte inbreds, and one Zea luxurians strain
as an outgroup.
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The experimental results suggested that the majority of candidate genes
for Fe-efficiency examined in this study were not target of artificial selec-
tion. Nevertheless, the genes NAAT1, NAS1, and MTK coding for enzymes
involved in phytosiderophore production, NRAMP3 responsible for Fe remo-
bilization during germination, and YS1 transporting PS-Fe-complexes into
the root showed signatures of selection. These genes might be important for
the adaptation of maize to diverse environments with different Fe availabil-
ities. This in turn suggests, that Fe-efficiency was an adaptive trait during
maize domestication from teosinte.
Identification of QTL provides information on the chromosomal locations
contributing to the quantitative variation of complex traits. The benefit of
QTL mapping compared to mutant screenings is the possibility to detect
multiple genes which may be associated with the phenotypic trait. The
objectives of our studies were to (i) identify QTLs for morphological and
physiological traits related to Fe homeostasis, (ii) analyze Fe-dependent ex-
pression levels of genes known to be involved in Fe homeostasis as well as
positional candidate genes from QTL analysis, and (iii) identify QTLs which
control the mineral nutrient concentration difference. Our studies were based
on experimental data of 85 genotypes from the IBM population cultivated in
a hydroponic system.
The QTL mapping of morphological and physiological traits provided
new putative candidate genes like Ferredoxin 1, putative ferredoxin PETF,
MTP4, and MTP8 which complement the genes already known as being
responsible for efficient Fe homeostasis at both, deficient and sufficient Fe
regime. Furthermore, the candidate gene expression indicated a trans-acting
regulation for DMAS1, NAS3, NAS1, FDH1, IDI2, IDI4, and MTK. The
mineral element trait QTL confidence intervals comprised candidate genes
that sequestrate Cd in vacuoles (HMA3), transport Fe2+ into the root cells
(ZIP10), protect the cell against oxidative stress (glutaredoxin), ensure mi-
cro nutrient homeostasis during sufficient iron regime (NRAMP2), regulate
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protein activities (PP2C), and prevent deleterious accumulation and inter-
action of specific elements within cells (PHT1;5, ZIP4).
Association mapping is promising to overcome the limitations of low al-
lele diversity and absent recombinations events causing poor resolution in
detecting QTL by linkage mapping. In order to unravel the genetic architec-
ture of Fe-efficiency a vast association mapping panel comprising 267 maize
inbred lines was used to (i) detect polymorphisms affecting the morphologi-
cal/physiological trait formation and (ii) fine map QTL confidence intervals
determined according to linkage mapping.
Some of the SNPs located beyond coding regions of genes that might
be important cis-binding-sites for transcription factors. Furthermore, genes
detected at the Fe-deficient regime indicate to be involved in universal stress
response. However, genes linked to SNPs detected at Fe-sufficient regime
might comprise alleles of Fe inefficient genotypes causing inferior trait ex-
pression.
The combination of several approaches provided a valuable resource of
candidate genes which might aid to increase our understanding of the mech-
anisms of Fe-efficiency in maize and foster the efforts in breeding superior
cultivars by applying molecular marker techniques.
8. Zusammenfassung
In den Anbaugebieten, wie Nebraska und dem ariden/semiariden Gebi-
eten von den Great Plains, die charakteristisch fu¨r kalkreiche Bo¨den und ho-
hen pH sind, ist Eisen-(Fe)-Mangel ein agronomisch wichtiges Problem, das
Ernteausfa¨lle und Qualita¨tsminderungen in der Kulturpflanze Mais verur-
sacht. Aus diesem Grund ist die Entwicklung von Fe-effizienten Mais Sorten
notwendig, um diese limitierende Bo¨den fu¨r den Maisanbau zu erschließen.
Allerdings ist die Eigenschaft fu¨r Fe-Effizienz quantitativ und basiert auf
komplexe Wechselwirkungen zwischen der Gesamtheit von Mechanismen. Es
liegt auf der Hand, dass eine Ermittlung dieser Mechanismen ein besseres
Versta¨ndnis fu¨r die Fe-Effizienz als ein komplexes Merkmal darlegen wu¨rde.
In der aktuellen Studie lag der Fokus auf der Ermittlung von Fe-Effizienz be-
zogenen Mechanismen, welche mittels populations- und quantitativgenetis-
chen Verfahren detektiert werden sollten. Fakt ist, dass die Populations-
genetik die Gensequenzenvergleiche der entscheidenden Gene, welche unter
dem Selektionsdruck der Zu¨chtungsvorga¨nge in der Kulturpflanze eine entschei-
dende Verbesserung brachten, zwischen Elitematerial und Maisvorfahren zur
Detektion nutzt. Sowohl die Analyse von kodierenden Genloci fu¨r quantita-
tive Merkmale (QTL) als auch die Assoziationskartierung erfordern pha¨noty-
pische Variation und polymorphe Marker, um genetisch beeinflussende Re-
gionen eingrenzen zu ko¨nnen. Das Hauptaugenmerk der vorliegenden Arbeit
richtete sich auf die genetische Architektur von Fe-Effizienz in Mais und auf
die Untersuchung der Anwendung von unterschiedlichen genetischen Metho-
den.
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Die Domestikation und Verbesserung der Kulturpflanze kann durch eine
gerichtete Selektion zu Diversita¨tslimitierung in Kandidatengenen fu¨hren,
deren Detektion anhand von quantitativen genetischen Ansa¨tzen gemindert
werden ko¨nnte. Die Ziele unserer Studie waren (i) die Beschreibung der
Sequenzdiversita¨t in 14 Kandidatengenen mit der Eigenschaft sowohl fu¨r
Mobilisierung, Aufnahme und Transport von Fe in Mais als auch fu¨r reg-
ulative Funktion sowie (ii) zu untersuchen, ob diese Gene gezielt wa¨hrende
der Domestikation von Teosinte selektiert wurden. Diese Studie wurde mit
Sequenzen von 14 Kandidatengenen, die sowohl in 27 diversen Mais und 18
Teosinte Inzuchtlinien als auch in einem entfernt verwandtem Zea luxurians
Stamm sequenziert wurden, durchgefu¨hrt.
Die Versuchsergebnisse dieser Studie deuteten darauf hin, dass die Mehr-
heit der Kandidatengene fu¨r Fe-Effizienz nicht das Ziel der Selektion war.
Nichtsdestotrotz zeigten Gene wie NAAT1, NAS1 und MTK, die fu¨r En-
zyme der Phytosiderophore (PS) Synthese kodieren, NRAMP3, das fu¨r die
Fe Remobilisation wa¨hrend der Keimung verantwortlich ist und YS1, das
fu¨r den Transport von Fe-PS-Komplexen in der Wurzel sorgt, Anzeichen von
gerichteter Selektion. Diese Gene ko¨nnten fu¨r die Anpassung von Mais, der
an verschiedenen Standorten mit variierenden Fe Verfu¨gbarkeiten angebaut
wird, von Bedeutung sein. Das wiederum bedeutet, dass Fe-Effizienz ein
angepasstes Merkmal wa¨hrend der Domestizierung von Teosinte zu Mais war.
Die Identifikation von QTL erlaubt die Eingrenzung von chromosoma-
len Regionen, welche zu der quantitativen Variation von komplexen Merk-
malen beitragen. Der Vorteil von der QTL Kartierung gegenu¨ber Mutanten
basierten Analysen ist die Mo¨glichkeit mehrere Gene gleichzeitig zu detek-
tieren, welche mit dem pha¨no-typischen Merkmal in Verbindung gebracht
werden ko¨nnen. Die Ziele unserer Studien waren (i) die Identifikation von
QTL fu¨r morphologische und physiologische Merkmale, die fu¨r Fe-Homo¨ostase
evaluiert wurden (ii) Analyse von Fe basierenden Genexpression von Genen,
die sowohl bekannt fu¨r deren Involvierung in der Fe-Homo¨ostase sind als auch
durch die positionelle Lokalisation mittels der QTL Analyse sowie (iii) die
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Identifikation von QTL, welche die Konzentration der mineralischen Na¨hrstoffe
kontrollieren. Diese Studien basierten auf Experimentdaten, welche fu¨r 85
Genotypen der IBM Population mittels einem hydroponischem System evaluiert
worden sind.
Die QTL Kartierung, die mittels morphologischer und physiologischer
Merkmale evaluiert werden konnten, lieferten potentielle neue Kandidaten
Gene wie Ferredoxin 1, ein potentielles Ferredoxin Gen PETF, sowie MTP4
und MTP8. Diese Gene haben eine unterstu¨tzende Wirkung auf bereits
bekannte Gene, die verantwortlich fu¨r eine effiziente Fe-Homo¨ostase unter
niedriger und hoher Fe Behandlung sind. Des Weiteren wurde beobach-tet,
dass die Gene DMAS, NAS1, NAS3, FDH1, IDI2, IDI4 und MTK eine trans-
gerichtete Regulation aufwiesen. Die Vertrauensintervalle von QTL, welche
fu¨r die mineralischen Konzentrationsmerkmale detektiert wurden, grenzten
Kandidaten Gene ein, welche Cd in Vakuolen sequestrierten (HMA3), Fe2+
in die Wurzelzellen transportieren (ZIP10), die Zelle vor oxidativen Stress be-
wahren (Glutaredoxin), die Miktona¨hrstoff-Homo¨ostase unter ausreichender
Fe Zufuhr gewa¨hrleisten (NRAMP2), die Proteinaktivita¨t regulieren (PP2C)
sowie die Zelle vor scha¨dlicher Akkumulation und Interaktion von speziellen
Na¨hrstoffen schu¨tzen (PHT1;5, ZIP4).
Die Assoziationskartierung verspricht die Einschra¨nkungen, die bei der
Kopplungskartierung eine geringe Diversita¨t und fehlende Rekombination zur
niedrigen genetischen Auflo¨sung in der QTL Detektion fu¨hren, zu reduzieren.
Um die genetische Architektur von Fe-Effizienz zu ermitteln, wurde ein breit
aufgestelltes Assoziationskartierungsset eingesetzt, das 267 Mais Inzuchtlin-
ien beinhaltet, um (i) Polymorphismen zu detektieren, welche die morpholo-
gischen/physiologischen Merkmalsauspra¨gungen beeinflussen sowie (ii) QTL
Vertrauensintervallen, die mit der Kopplungskar-tierung detektiert wurden,
feinkartieren.
Einige der SNPs, die jenseits der kodierenden Genregionen lokalisiert
wurden, ko¨nnten wichtige cis-bindende Regionen fu¨r Transkriptionsfaktoren
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sein. Des Weiteren weisen die detektierten Gene unter der niedrigen Fe
Behandlung hin, dass sie in eine universelle Stressantwort involviert sind.
Allerdings ko¨nnten die SNP gekoppelten detektierten Gene unter der ho-
hen Fe Behandlung Fe-ineffiziente Allele tragen, welche einen Nachteil in der
Merkmalsauspra¨gung verursachen ko¨nnten.
Die Kombination der jeweiligen Methoden lieferte eine wertvolle Anzahl
von Kandidaten Genen, welche unser Versta¨ndnis fu¨r Fe-Effizienz Mechanis-
men in Mais unterstu¨tzen sollen und die Bemu¨hungen in der Kulturpflanzen-
zu¨chtung mittels Anwendung von molekularen Marker Techniken fo¨rdern.
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